Background: Echinodermata is a diverse phylum, a sister group to chordates, and contains diverse organisms that may be useful to understand varied mechanisms of germ-line specification. Results: We tested 23 genes in development of the sea star Patiria miniata that fall into five categories: (1) Conserved germ-line factors; (2) Genes involved in the inductive mechanism of germ-line specification; (3) Germ-line associated genes; (4) Molecules involved in left-right asymmetry; and (5) Genes involved in regulation and maintenance of the genome during early embryogenesis. Overall, our results support the contention that the posterior enterocoel is a source of the germ line in the sea star P. miniata. Conclusions: The germ line in this organism appears to be specified late in embryogenesis, and in a pattern more consistent with inductive interactions amongst cells. This is distinct from the mechanism seen in sea urchins, a close relative of the sea star clad. We propose that P. miniata may serve as a valuable model to study inductive mechanisms of germ-cell specification and when compared with germ-line formation in the sea urchin S. purpuratus may reveal developmental transitions that occur in the evolution of inherited and inductive mechanisms of germ-line specification. Developmental Dynamics 000:000-000, 2013. V C 2013 Wiley Periodicals, Inc.
INTRODUCTION
Evolutionary changes have resulted in a diverse series of mechanisms to accomplish the task of germ-line specification. Three extremes in these mechanisms are widely recognized in the animal kingdom and include (1) germ-cell derivation from adult multipotent stem cells (e.g., neoblasts in planaria, I-cells in hydra), (2) inheritance of maternal factors in early embryogenesis (e.g., pole plasm in Drosophila melanogaster, germ plasm in Xenopus laevis), and (3) cell-cell communication resulting in induction of a germ-line lineage (e.g., mouse and axolotl; Extavour and Akam, 2003; Solana, 2013) . Because these different mechanisms of germ-line specification are polyphyletic, transitions between these germ-line specification mechanisms appear to have occurred multiple times within animal evolution (Extavour and Akam, 2003) .
When an embryo exhibits a germline determination mechanism that exceeds one biological threshold or another, the investigator usually classifies that mechanism as either inductive or inherited. While this is important for ease and clarity in communication it does not reflect the biological mechanism(s) effectively. Because germ-line determination is likely a result of multiple parallel pathways and activities leading to determination, the transition from one state to another in an embryo may result from a continuum of changes instead of a series of binary switches. Part of the problem with our current definitions of germ-line specification results from the fact that most of what we know comes from a small set of animals; mostly developing by an inherited mechanism. These animals include D. melanogaster, Caenorhabditis elegans, X. laevis, and Danio rerio, each with rich contributions of genetic, biochemical, and embryological analysis (e.g., Seydoux and Braun, 2006; Voronina, 2013; Gao and Arkov, 2013; Lai and King, 2013) . Unfortunately, we do not have as rich a data set for understanding the inductive mechanisms of germ-line determination. The mouse is the best understood model of inductive germ line determination and in this embryo, the epigenetic changes essential to prime PGC formation occurs as a result of signaling between cells (e.g., Magn usd ottir et al., 2012) . This epigenetic reconfiguration then diverts the fate of the cells from a somatic direction, and instead leads to a germ line fate. Whether these features seen in mice are conserved in other organisms using inductive mechanisms is not yet clear and having a strong data set of inductive germ-line features from multiple different animals will be important to establish a baseline from which comparisons can be made between inherited mechanisms. Reaching this goal may then reveal the features of germ cell specification shared by inductive mechanisms, those that are unique to inherited and inductive mechanisms, and how evolutionary transitions between each mechanism may occur.
Preliminary experiments in sea stars suggest that this animal uses inductive mechanisms to specify their germ cells. The conserved germ-line factor Vasa becomes restricted to the posterior enterocoel (PE; see Fig. 1) only by the early larval stage (Juliano and Wessel, 2009 ). In addition, PE removal experiments show that the cells from this structure contribute to the future germ cell lineage (Inoue et al., 1992) . This is very different than what is known in the closely related taxon of sea urchins. Sea urchins specify their germ cells as early as the 32-cell stage when four small micromere cells (sMics) arise as the product of two unequal cell divisions (see Fig. 1 ). Multiple germ cell marker RNAs and proteins accumulate in the sea urchin sMic lineage (Juliano et al., 2006; Voronina et al., 2008; Wessel et al., 2013) , they express these markers cell autonomously (Yajima and Wessel, 2012) , and removal of these cells results in loss of the germ lineage in adults . In comparison to sea urchins, sea stars and all other groups within echinoderms do not have a sMic lineage. This leads us to believe the sMic lineage and the associated mode of early germ-line specification arose independently in the echinoid (sea urchin) lineage from a common Fig. 1 . Schematic representation of the developmental stages in sea star and sea urchin. Sea urchins exhibit two asymmetric cleavage events within the cells at the vegetal pole (bottom). These asymmetric divisions result in four micromeres forming at the 16-cell stage, followed by four large and four small micromeres (sMics, in red) forming at the 32-cell stage. The PMC (descendants of the large micromeres) ingress to form the skeleton, whereas descendants of the sMics remain relatively quiescent through embryogenesis, divide only once before gastrulation, and then integrate into the larval coelomic pouches where the adult rudiment forms. Unlike in sea urchins, the sea star has symmetrical cell divisions and does not segregate its germ-line cells during early development. Instead, a PE (in red) projects from the dorsal wall of the archenteron into the blastocoel and then moves to the left side in late gastrula-early larval stages. Left and right anterior (top) coelomic pouches are present on both sides of the esophagus in larvae, and they subsequently extend posteriorly. Later in development, the left coelomic pouch integrates cells of the PE as it extends posteriorly. The blastopore is located at the lower opening of each embryo in the gastrula stage. Mics, Micromeres; sMics, Small micromeres; PMCs, Primary mesenchyme cells; LCP, Left coelomic pouch; RCP, Right coelomic pouch; PE, Posterior enterocoel; LC, Left coelom; RC, Right coelom; M, Mouth; E, Esophagus; S, Stomach; In, Intestine; B, Blastopore; A, Archenteron.
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ancestor that used inductive processes for germ-line determination.
We hypothesize that sea stars use an inductive mechanism of germ cell specification that may represent the ancestral mode of germ cell specification in echinoderms (Extavour and Akam, 2003) . To begin to test this hypothesis, we undertook the current study with the goal of analyzing the expression of germ cell factors in sea stars based on candidate genes that are important for both inductive and inherited modes of germ cell specification in other organisms. In this way, we can compare the expression patterns of germ-line associated markers between sea stars, sea urchins, and other model organisms-especially mice-to test if sea stars specify their germ line in an inductive mode and if so, test if this mode has mechanisms conserved over long periods of evolutionary time.
The genes studied here fall into five categories: (1) Conserved germ-line factors; (2) Genes involved in the inductive mechanism of germ-line specification; (3) Germ-line associated genes; (4) Molecules involved in leftright asymmetry; and (5) Genes involved in regulation and maintenance of the genome during early embryogenesis. Overall, our results support the contention that the PE is a source of the germ line in the sea star P. miniata and that there is no specific accumulation of germ cell markers in any cells before PE formation. Our results lead us to conclude that the endomesoderm retains the expression of many pluripotency-associated genes which later give rise to the PE. In addition, we found that PE formation and P. miniata PGC specification is likely determined by inductive interactions amongst cells which simultaneously cause both the accumulation of germ cell determinants and the loss of somatic cell markers in the presumptive PE. We propose the sea star may serve as a valuable model for future study of the inductive mechanisms of germ-line determination, and when compared with the data sets in sea urchins already available, may serve as a useful comparative model for understanding the developmental transitions between an inductive germ-line determination mechanism and an inherited mechanism.
RESULTS AND DISCUSSION
We selected the genes used in this study by first identifying genes that are associated with PGC specification in a variety of animals that exhibit diverse mechanisms of germ-line determination. Genes involved in both inherited and inductive mechanisms were chosen as well as those involved in left-right asymmetry. This latter group was selected because the hypothesis being tested is that the PE contributes to the primordial germ cells-the PE structure is on the left side of the midline in the larva. We obtained sequences of D. melanogaster and mouse proteins of all the genes tested here from NCBI (http://www.ncbi.nlm.nih.gov/). Orthologous protein sequences from sea urchins were found by BLAST analysis against the published sea urchin database (Spbase.org). P. miniata orthologous protein sequences were found by BLAST analysis against a nascent P. miniata ovary transcriptome database. The top P. miniata hit was used for reciprocal-BLAST analysis to the nonredundant NCBI database to test orthology. Alignments using these orthologous sequences from Mus musculus, D. melanogaster, S. purpuratus, and P. miniata were performed to further test authenticity (Tables (1-5) and Supp. Fig. S1 , which is available online). The lists of primers used for polymerase chain reaction (PCR) amplification of each gene in sea star and the sizes of predicted and acquired PCR products used for probe synthesis are shown (Tables 1-5) .
Conserved Germ-line Determinants: Select Expression in the Posterior Enterocoel
The genes in the first set we explored are those most highly conserved amongst animals as being part of the germ-line determination mechanism (Table 1) . Vasa, Nanos, and Piwi are a classical cluster of germ-line factors, found in all animals at some point in the construction or maintenance of a new germ line in both inductive and inherited germ-line formation mechanisms. Vasa is a dead-box helicase involved in regulating the translation of RNAs in the germ-line. We found in the sea star that Vasa gene expression (mRNA accumulation) is ubiquitous in eggs and early embryos and first becomes restricted to the vegetal pole of the blastula. During gastrulation, Vasa mRNA becomes enriched in the middle region of the archenteron and by early larval stages is restricted to the left side of the mid-archenteron where the PE buds. Vasa remains selectively expressed in the PE throughout the development of the larva (Fig. 2) . We also noted less detectable amounts of Vasa transcripts are present in the perimeter of the left and right coelomic pouches in larval stages ( Fig. 2 ; late larva; asterisks). Overall, these results support the contention that the PE is at least relevant for consideration of the origin of germ-line determination in this organism. The result also speaks more generally to Vasa function-the transcript is broadly expressed in the egg and early embryo-clearly it is not strictly a germ-line factor. Previous results in sea stars show that Vasa protein accumulates ubiquitously early in development as well. Not until the PE forms does the Vasa protein become restricted (Juliano and Wessel, 2009) , much like the expression of its mRNA. This is a particularly important distinction to be made because in sea urchins the protein does not accumulate coincident with the mRNA. Protein translation is widespread in the sea urchin embryo but degradation is selective to the somatic cells. Therefore, the sMics, the PGC lineage in sea urchins, accumulate the Vasa protein selectively even with broad mRNA presence. This selection (degradation of Vasa protein outside of the presumptive PGCs) appears to be a function of at least one E3-ubiquitin ligase activity, Gustavus (Gustafson et al., 2011) .
Piwi is a conserved germ-line factor involved in small RNA-mediated degradation of transposons, and its accumulation is similar to Vasa in P. miniata development. That is, broad early expression with selective accumulation in the PE by the early larval stage (Fig. 2) . Although the Piwi transcript does not follow as tight an expression domain as Vasa, it is clear that Piwi transcripts accumulate In the sea urchin, Piwi expression is much like Vasa, that is, broad early expression with protein accumulation selective to the sMics, and only subsequently during gastrulation does the mRNA become restricted to the sMics (Rodriguez et al., 2005; Juliano et al., 2006) . In that respect it is similar in the sea star where the vegetal plate and endodermal tissues are the last to down regulate the Piwi mRNA while it is being retained in the future germ line, either the sMics in sea urchins or the PE in sea stars (Fig. 2 , late larva, asterisk). Clearly both Vasa and Piwi gene expression patterns support the contention that the PE contributes to the germ line, and that their expression is not uniquely germ line.
Nanos is another conserved germline factor found in all animals studied. Nanos interacts with Pumilio to bind the 3 0 untranslated regions (UTRs) of select mRNAs bearing a Pumilio Response Element (PRE, also referred to as Nanos Response Element, NRE). Binding of this complex to the mRNA reduces translation of the encoded protein either through steric hindrance of the translational machinery (Cho et al., 2006; Vardy and Orr-Weaver, 2007b) or by degrading the mRNA by recruiting deadenylase activity (Kadyrova et al., 2007; Vardy and Orr-Weaver, 2007a,b) . Pumilio is usually expressed more broadly than Nanos and can interact with a variety of regulators of the bound mRNA. Nanos on the other hand is often restricted to the germ line and its expression is associated with decreasing the cell cycle of the PGC through binding of cyclin mRNAs. Mis-expression of Nanos in nongerm line cells will often lead to developmental abnormalities or death in the somatic cells (Lai et al., 2012;  Lai and King, 2013) . In sea urchins, Nanos is tightly regulated by a variety of means to be specific to the germ line cells (e.g., . In the sea star, Pumilio but not Nanos, is broadly expressed throughout much of the embryo early in development. Following gastrulation Pumilio is enriched in the gut but is largely excluded from the coelomic pouches and the PE (Fig. 2) . Nanos, however, first appears significantly detectable in the PE when it forms (Fig. 2 , late larva, asterisk). In this regard, it is like in sea urchins, where Nanos appears only once the sMics form. This is unlike other germ-line marker transcripts that accumulate in larger expression domains before restriction (see Vasa and Piwi, Fig. 2 ). Boule/Dazl expression overlaps that of Pumilio but with distinct characters. Boule gene expression generally is present uniformly in early development with slight enrichment in the endomesoderm. In early larvae, the message is enriched in the esophagus significantly over other regions of the embryo or gut. In later larvae, expression is enriched in the esophagus in addition to a small number of cells (Fig. 2, asterisks) , which may be the precursors to the dorsal ganglia in late larva (Yankura et al., 2013) .
Overall this gene set supports the hypothesis that the PE is a special derivation. In concert, the Piwi, Nanos, and Vasa selective mRNA expression, and Vasa protein expression (Juliano and Wessel, 2009) argues that the PE contributes to the germ line. The endomesoderm, however, seems to retain many pluripotency-related genes not otherwise present in the ectoderm or future mesodermal cells. Perhaps the endoderm retains broad developmental potency using these various germ cell markers that only later in development become restricted to the PE.
Gene Regulatory Molecules Involved in Inductive Specification of Germ Cells in the Mouse are Conserved in Echinoderms
The mechanism of inductive germline specification is thought to be the most ancient mechanism used by animals (Extavour and Akam, 2003) . Fig. 2 . Expression of conserved germ-line determinants during P. miniata embryonic development. Line 1: Vasa transcripts are widespread in oocytes and become restricted to the vegetal pole in blastula stage embryos. During gastrulation Vasa is then restricted to the center of the archenteron and later to the left side of the archenteron. As soon as the PE is formed Vasa persists in the PE. Line 2: Piwi transcripts are widespread in oocytes, become restricted to the archenteron during gastrulation, then to the center of the archenteron during late gastrulation, and persist in the PE of larva as soon as it is formed. Line 3: Nanos expression is only detected broadly in immature oocytes and in the PE of older larva. Line 4: Pumilio transcripts accumulate broadly throughout the embryo during early development and become enriched in the esophagus and stomach during larval stages. Line 5: Boule transcripts are widespread in oocytes but are not present during development until larval stages. Boule transcripts accumulate in the oral ectoderm/ciliary band and in the esophagus. Line 6: A sequence for the Neomycin (Neo) resistance gene was used as a negative control for the hybridization procedure. Asterisks (*) represent areas of emphasis for mRNA accumulation. Dorsal views of the larva. Scale bar ¼ 100 mm.
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Many signaling molecules involved in inductive germ-line specification are not unique to the germ line during animal development and are instead used in a variety of developmental processes. The list of genes involved in the inductive mechanisms of germline determination is small-most work thus far has been accomplished only by genetic approaches and only in the mouse. This set of genes is important to test to determine if the signaling pathways and downstream effector molecules that are required for inductive germ-line specification in the mouse are conserved in other animals.
Blimp1 (B lymphocyte-induced maturation protein) also known as Prdm1 (Positive regulatory domain I element of the b-IFN gene promoter, containing Zn-fingers) is a transcriptional regulator. Blimp1 is believed to generally repress its target genes, although some evidence indicates that Blimp1 can also serve as an activator of gene expression in certain contexts (John and Garrett-Sinha, 2009; Magn usd ottir et al., 2013) . Blimp1 was first discovered in the immune system, but it is expressed and functional in many tissues during development (Vincent et al., 2005) , and in many animals studied (e.g., de Souza et al., 1999) . In mice, Blimp1 is a key factor for germ-line determination (Saitou et al., 2005; Kurimoto et al., 2008; Saitou and Yamaji, 2010; Seervai and Wessel, 2013) . Blimp1 represses somatic genes within the presumptive germ cells of mice (including Hox genes, esp. Hoxb1) whereas these same genes remain active in neighboring cells as they begin somatic differentiation. Therefore, Blimp1 in the mouse germ line appears to function in retaining a pluripotent fate by repressing genes important for somatic fate commitment. In contrast, the sea urchin Blimp1 is involved in endoderm gene specification; Blimp1 appears to activate Wnt8 but repress Notch and HesC expression. Knocking down Blimp1 results in a lack of endoderm morphogenesis and perhaps conversion to nonendodermal fates (Livi and Davidson, 2006; . In the sea star oocyte, Blimp1 transcripts are in low abundance, but in the blastula, they accumulate significantly in a torus of cells surrounding the vegetal pole ( Fig. 3, asterisks ; Hinman et al., 2007) . In mid-gastrulae, expression of Blimp1 extends into the posterior archenteron. In late gastrula and early larval stages, expression is restricted to the midgut and hindgut regions of the archenteron, with a slight clearing in the gut region where the PE will form, followed by a marked absence in the PE. Blimp1 is enriched in the stomach, intestine and anus of the late larva, and enrichment persists later in development to the stomach and intestine. Were Blimp1 to have a conserved function in the sea star as in the mouse, it may be in retaining some potentiality of cell fate in the endoderm. Removing its function may, as in mice, enable cells to differentiate into mesodermal lineages and thereby lose their potential for endodermal and germ-line fates.
Prdm14 is closely related to Blimp1/Prdm1 and is a key regulator of mammalian germ cell development . It plays a critical role in cell fate pluripotency by suppressing the expression of differentiation marker genes. In mice, Prdm14 is expressed early in germ line determination, by 6.5 dpc, and its upregulation is likely in response to Bmp4 signaling. Recently it was shown that Prdm14 functions to ensure pluripotency through two pathways: (1) it antagonizes activation of the fibroblast growth factor receptor (Fgfr) signaling by the core pluripotency transcriptional circuitry, and (2) it represses expression of de novo DNA methyltransferases that would otherwise modify the epigenome to a primed (somatic) epiblastlike state. Prdm14 exerts these effects by recruiting polycomb repressive complex 2 (Prc2) specifically to key genomic sites and repressing nearby gene activity (Yamaji et al., 2013) . Prdm14 in the sea star is present widespread and has a very similar expression pattern to Bmp2/4 (below) in embryos and larvae. That is, Prdm14 transcripts accumulate in the archenteron of the gastrula and larvae showed strong Prdm14 staining in the mouth opening, stomach, intestine, anus, and the preoral and postoral ciliary bands, but not in the anterior coeloms nor in the PE (Fig. 3,  asterisks) . In the oocyte, Prdm14 transcripts are ubiquitous (Fig. 3) . Unlike in mice, Prdm14 in sea stars or sea urchins does not correlate with the accumulation of other PGC markers. Instead, Prdm14 localizes to ciliary bands in urchins and to the embryonic gut and ciliary bands of sea star larva. This leads us to hypothesize that Blimp1 and Prdm14 may be involved in retaining gut pluripotency early in sea star development, which may be an essential role, but this role does not appear to be sequestered to the germ line.
Bmp2/4 is a critical signaling component for germ-line specification in the early mouse embryo (Saitou et al., 2002; Saitou and Yamaji, 2010) . It is expressed by cells in the extraembryonic tissues and is required for cells in the posterior epiblast to become PGCs. Zhou et al. (2010) also found Bmp4 enhances germ cell derivation in vitro from ES cells, although currently the link is not clear, if any, between Bmp4 signaling and Blimp1 expression (Toyooka et al., 2003) . The sea star, as in sea urchin, appears to have a less diverse family of Bmp signaling molecules and the closest ortholog to the mouse Bmp4 in the sea star is a Bmp2/4 gene (Lapraz et al., 2006 ; see Supp. Fig. S1 ). Bmp2/ 4 in sea star is present broadly in development (Fig. 3) . Remarkably, the Bmp2/4 transcripts are enriched in the nuclei of young oocytes, but not in nuclei of full-grown oocytes or embryonic cells. Some gene expression is regulated by transcript retention in the egg nucleus of the sea urchin (Venezky et al., 1981; Angerer and Angerer, 1981) , although this is the first example of selective transcript retention in the germinal vesicle (GV) of a sea star. In gastrula and early larval stages, Bmp2/4 transcripts accumulate very similarly to Prdm14, and show a clear accumulation in the gut of the embryo, but not in the anterior coeloms nor in the PE. In late larvae, Bmp2/4 is expressed largely around the opening of the mouth, anus and the preoral and postoral ciliary bands (Fig. 3, asterisks) . Recently, another report on Bmp2/4 in P. miniata showed enriched Bmp2/4 expression in the future site of mouth formation in blastula stage embryos (Yankura et al., 2013) . We did not see this profile here although it may have been a time point missed in our analysis-we focused on PE formation here and terminated the in situ hybridization analysis to best reveal signal information in later embryos and larvae.
The Wnt signaling pathway is thought to regulate several aspects of germ-line function. These include germ-line stem cell functions (e.g., Golestaneh et al., 2009 ), germ-cell migration (e.g., Chawengsaksophak et al., 2012) , and germ cell-soma interactions in the gonad (e.g., Tanwar et al., 2010) . Most importantly, and in regard to mouse inductive PGC specification, Wnt3 signaling is required to prime the cells in the posterior epiblast so they are competent to respond to Bmp4 PGC specification signals (Ohinata et al., 2009 ). In addition, Wnt8 is a somatic marker in axolotls that is expressed during gastrulation in areas of germ cell precursor formation (Bachvarova et al., 2001 , Johnson et al., 2003 . We chose to determine the expression patterns of Wnt3 and Wnt8 in the sea star to determine if their expression correlates with PE formation. Moreover, in sea urchins as in many embryos, the Wnt signaling pathway is involved in broad scale axial patterning (e.g., Kumburegama and Wikramanayake, 2009; Stamateris et al., 2010) . In sea urchins, the nuclearization of bcatenin (a mark of active canonical Wnt signaling) begins in the micromeres at the 16-cell stage, the precursors to the sMics. b-catenin and Blimp1 further trigger Wnt8 expression Yamazaki et al., 2012) . These expression profiles are common in all indirect-developing sea urchins examined so far (Nakata and Minokawa, 2008; Yamazaki et al., 2010) . Furthermore, in sea urchins Wnt8 is the primary component of the early endomesoderm gene regulatory network, and its role is to activate the b-catenin/Tcf signal transduction system Oliveri et al., 2008) . In sea stars, Wnt8 and Wnt3 expression patterns show a segmented, circumferential pattern with an overlapping border in the posterior third of the ectoderm (Fig. 3) . As in sea urchins,Wnt8 transcripts are not maternally expressed in the sea star. By the late blastula stage, however, Wnt8 transcript enrichment is seen as a ring around the vegetal half of the embryo ( Fig. 3; asterisks) . This expression pattern continued Fig. 3 . Expression of genes involved in inductive germ-line specification during P. miniata embryonic development. Line 1: In situ hybridization showing Blimp1 transcripts, which first accumulate in the vegetal pole of the blastula, and remain largely endodermal through development. Of note is the rapid loss of Blimp1 in the newly formed PE (see also Fig. 7 ). Line 2: Bmp2/4 transcripts are seen in young oocyte germinal vesicles (oocyte nucleus). During development Bmp2/4 is expressed throughout the embryo except for in the coelomic pouches and PE. Line 3: Prdm14 is present throughout development and largely throughout the embryo with the exception of the coelomic pouches. Lines 4 and 5: Wnt 8 and Wnt 3 (respectively) form a complementary pattern with Wnt3 being more vegetal and Wnt 8 more equatorial in the embryo and larva. No selective accumulation is seen in the coelomic pouches or PE in larval stages. Line 6: Lin28 is expressed broadly during early development until the late gastrula stage when it becomes enriched in the foregut. In larval stages, Lin28 is enriched in the gut and PE and it is distinctly absent from the coelomic pouches. Asterisks (*) show areas of emphasis for transcript detection. Dorsal views of the larva. Scale bar ¼ 100 mm. until mid-gastrula, but its enrichment decreased during early and late larval stages. The Wnt3 expression pattern in P. miniata follows a similar expression pattern as Wnt8, but the circumferential pattern is closer to the vegetal pole of the embryo (Fig. 3,  asterisks) . This pattern continued during the gastrula and larval stages and both genes appeared to have continuous expression domains. Neither of the Wnts is detectable in the invaginated endoderm (where the greatest enrichment occurs for Blimp1, Prdm14, and Bmp2/4 transcripts) nor in the PE (see also Yankura et al., 2013) . We conclude from this small sampling that at least Wnt 3 and 8 are not directly linked to PE formation, although indirect instruction remains possible especially if they are conferring competency to respond to later specification signals (e.g., Bmp2/4).
Lin28 plays multiple roles in regulating cellular homeostasis at least in part by binding and regulating miRNAs (West et al., 2009) . A well-known target of Lin28 negative regulation is let-7, a miRNA critically involved in developmental regulation in C. elegans (B€ ussing et al., 2008) . Lin28 expression is linked to pluripotency in a variety of animals. For example, Lin28 is essential for proper PGC development in mice (West et al., 2009 ). Let-7 usually represses Blimp1, therefore, the presence of Lin28 in the germ line suppresses let-7 and enables Blimp1 to accumulate and specify germ-line cells. In sea star oocytes, Lin28 transcripts accumulate ubiquitously (Fig. 3) and then become restricted to the vegetal pole of the blastula and then to the archenteron in the early gastrula stage. During late gastrulation, Lin28 transcripts are restricted to the archenteron within two enriched domains. The first one forms a ring in the upper part of the archenteron and the second domain forms a ring closer to the vegetal pole (Fig. 3, asterisks) . Lin28 transcripts accumulate in the esophagus, stomach, and PE in the early larva, and in the stomach, intestine, anus, and PE in the late larva, but not in the coelomic pouches. Importantly, a conserved let-7 miRNA was found in sea urchins (Kadri et al., 2011; Song et al., 2012) , although its site of accumulation is not known, nor whether it is present in sea stars.
Assuming Lin28 functions similarly in sea stars as it does in other organisms the marked enrichment in the endoderm (along with Blimp1/Prdm1 and Prdm14) supports the hypothesis that it may be involved in retaining pluripotency in this tissue early in sea star development. Because Lin28 transcripts are not present exclusively in the PE, either they do not function exclusively in germ-line determination, or they have already accomplished their germ-line role (in the endoderm) before this time. We hypothesize that the endoderm (invaginated epithelium) may have significant pluripotentiality that is lost in other tissues. We do not see any direct evidence that Bmp2/4, Wnt3, or Wnt8 expression patterns correlate with PE formation. However, it is still possible that these signaling pathways may act on precursor PE cells at an earlier stage to confer the competency to respond to later PGC inducing signals. It is also possible that Bmp signals may act at a distance during PGC specification in this embryo as well.
Germ-line Associated Genes
We examined the expression patterns of germ-line associated genes to test correlations with PE formation in sea stars. This cohort of genes is associated with sex determination and, potentially, regulation of germ-line factors (Tables (3-5) ).
We predict that general mRNA retention is greater in the anterior coelomic pouches and the PE through early larval stages that, emphasizes the PE as a tissue retaining its pluripotency.
Gustavus is an E3 ubiquitin ligase that binds Vasa and leads to its degradation. Originally found in Drosophila (Styhler et al., 2002) , it is now also known to bind and regulate Vasa protein accumulation in the sea urchin. This function is particularly important in sea urchins because Vasa protein is translated in all cells from ubiquitous maternal mRNA but becomes uniquely retained in sMics as a result of Gustavus-mediated Vasa protein turnover in all somatic cells. Because Vasa protein first appears to be ubiquitous in the sea star embryo, and then clears to become enriched in the PE in late larval stages (Juliano and Wessel, 2009) , we tested the location of Gustavus mRNA in the sea star. In sea star oocytes, Gustavus transcripts are present ubiquitously (Fig. 4) . Gustavus transcripts accumulate in the vegetal pole of the blastula and around the blastopore in early gastrulae (Fig. 4) . In the late gastrula, Gustavus transcripts are enriched in two rings; one ring forms at the base of the forming anus (blastopore) and another ring forms at the foregut, leaving a less-dense region in the midgut, the site where the PE will form (Fig. 4) . During early larval stages, Gustavus is expressed in the gut, but not in the coelomic pouches nor in the PE, the sites of greatest Vasa protein accumulation (Juliano and Wessel, 2009 ). In late larvae, transcripts remain in the stomach, intestine, anus and ciliary bands (Fig.  4) . We hypothesize that in the sea star larval stages, Gustavus activity in the midgut may degrade Vasa protein while the lack of Gustavus activity in the PE and anterior coelomic pouches allows Vasa protein to accumulate selectively in these structures.
Echinoderm SoxE is a transcription factor of the HMG family and is the ortholog of the vertebrate member Sox9 (Howard-Ashby et al., 2006) . Sox9 is involved in sex determination in all vertebrates examined; it is regulated positively by SRY in (male) mammals and is enriched in the somatic cells of the presumptive male gonad due to a positive autoregulatory feedback loop (Kashimada and Koopman, 2010; Gilbert, 2010) . In other vertebrates, including fish, reptiles, and amphibians, Sox9 may be activated by differing mechanisms, including temperature and other environmental factors and is important for both male and female gene expression leading to sexual dimorphism (Spotila et al., 1998; Kuroiwa et al., 2002; Maramatsu et al., 2007; Uno et al., 2008; Mawaribuchi et al., 2012; Seervai and Wessel, 2013) . In sea urchins, SoxE is expressed in the left coelomic pouch approximately 50% of the time while it has a broader distribution the remaining time (Duboc et al., 2005; Juliano et al., 2006) . The SoxE transcript in sea stars is present at low levels in oocytes and is difficult to detect at blastula and mid-gastrula stages. A strong enrichment is then seen in the left anterior coelom and a mild enrichment appears at the midgut in late gastrulae (Fig. 4) . During early larval development, SoxE transcripts are retained in the most posterior tip of the left anterior coelom (Fig. 4,  asterisk) , then in the same site of both anterior pouches, and in the PE. The expression of SoxE in sea stars is similar to sea urchins in larval stages because it accumulates similarly in the left coelomic pouch and shows a bi-modal expression pattern (Juliano et al., 2006) .
Ovo is a Zn-finger transcription factor that is important for oogenesis in Drosophila and spermatogenesis in mice (Oliver et al., 1987; Dai et al., 1998) . In sea urchins, Ovo is expressed ubiquitously in the blastula stage and is enriched in the vegetal pole at the mesenchyme blastula stage, an expression domain similar to Vasa. However, unlike Vasa, Ovo expression is not detected in gastrula and larval stages (Juliano et al., 2006) . In the sea star, Ovo transcripts are not detectable in the oocyte but are detectable ubiquitously at low levels in the blastula stage (Fig. 4) . During gastrulation Ovo transcripts accumulate throughout the developing gut. In early larvae Ovo transcripts are enriched throughout the gut and esophagus, and in late larva Ovo transcripts are enriched in the gut and pre-oral and post-oral ciliary bands. Although we did not find any obvious correlation between the expression of Ovo and the formation of the PE, its consistent link to the invaginating epithelium may indicate its involvement in the retention of developmental potentiality leading to PE formation.
Changes in cadherin expression are intimately linked to morphogenetic processes that involve the loss of epithelial character and the delamination of cells from an epithelial sheet (Takeichi, 1988; Birchmeier et al., 1993; Gumbiner, 1996) , a character often seen in PGCs (McLaren, 2003) . In sea urchin embryos, the cellular movements associated with the ingression of primary mesenchyme cells (PMCs) and convergentextension of the archenteron involve the dynamic regulation of intercellular adhesion, including the loss of cell adhesion molecules (Fink and McClay, 1985; Miller and McClay, 1997) . The sMics of the sea urchin appear to retain their cadherin through development until they reach Fig. 4 . Expression of germ-line associated genes during P. miniata embryonic development. Line 1: Cnot6 is nearly uniform throughout development and is absent from the vegetal-most region of the embryo, the coelomic pouches, and the PE as well as the ciliary bands in larvae. Line 2: Gustavus (Gus) is enriched in the developing mesoderm in early development. Gus transcripts become enriched in the mouth and stomach in larval stages. Line 3: SoxE (the Sox 9/10 ortholog) is largely absent from the early embryo but accumulates significantly in the left coelomic pouch following gastrulation. SoxE transcripts then accumulate in the PE and the tips of both coelomic pouches during larval stages. Line 4: Ovo is present in the gut of the embryo and larva, with no significant enrichment in the pouches or the PE. Line 5: G-cadherin accumulates in the gut during the late gastrula stage in distinct bands in the foregut and midgut regions. In larval stages G-cadherin becomes enriched in the mouth and stomach. Line 6: A sequence for the Neomycin (Neo) resistance gene was used as a negative control for the hybridization procedure. Asterisks (*) show areas show areas of emphasis for transcript detection. Arrows emphasize notable areas of transcript depletion. Dorsal views of the larva. Scale bar ¼ 100 mm. the tip of the archenteron during gastrulation. Premature depletion of the G-cadherin protein appears to disrupt sMic patterning and expression of several cell-specific markers (Yajima and Wessel, 2012) and cadherin orthologs appear important for germ cell function in many animals (e.g., Blaser et al., 2005; Chihara and Nance, 2012) . Therefore we were interested to test the profile of the G-cadherin ortholog in this sea star.
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The sequence of the sea star ortholog of G-cadherin shows significant sequence identity to all classic cadherins, particularly in the cytoplasmic domain, the region predicted to be involved in catenin binding (Supp .  Fig. S1 ). G-cadherin mRNA accumulates ubiquitously in oocytes, but is not detectable in blastula and early gastrula stages (Fig. 4) . In the late gastrula, G-cadherin transcripts are enriched in two domains; one in the foregut and another in the hindgut (Fig. 4, asterisks) . This creates a midgut region with less G-cadherin transcripts, the same location in which new morphogenetic movements lead to PE formation. This profile also overlaps the Gustavus mRNA profile and perhaps this region supports the evagination of the epithelium leading to PE formation by decreased cell-cell adhesion. G-cadherin transcripts then decreased overall in the larval stages and became restricted to the mouth opening, stomach, intestine, and anus.
Overall, our analysis of the expression of germ-line associated genes in sea star embryos reveals how mechanisms of PGC biology vary between animals that use different modes of PGC specification. Yet, overall similarities are seen; the RNA degradation machinery such as the deadenylase, CNOT6, may be conserved in its down-regulation in PGCs once they are formed to preserve their inherited transcripts and retain greater developmental plasticity. The ubiquitin pathway and specific E3 ligases (such as Gustavus) may be conservatively involved in downregulating germ cell determinant protein levels outside of the germ cells once they are specified. Transcription factors that are conserved in somatic sex determination seem to have bimodal expression patterns and be involved in sex determination regardless of the mode of PGC specification. Finally, changes in adhesion, such as through G-cadherin seem to be linked to germ cell function in many animals.
Left/Right Asymmetry Molecules
The PE forms only on the left side of the P. miniata gut during development and we hypothesize that conserved left/right signaling pathways may be involved in PE formation (and, therefore, PGC specification) . Consequently, we identified and tested the gene expression patterns of signaling molecules involved in left/ right asymmetry. Major mechanisms for establishment of the left/right axis in sea urchin and other organisms include complex epigenetic and genetic cascades (Lin and Xu, 2009 ; Table 4 ). The initial symmetrybreaking event is not clearly understood, and is probably different between species (Vandenberg and Levin, 2013) , yet this axial organization still requires a specific, and likely conserved, set of gene activities. For example, the Tgf-beta family member Nodal is expressed on the left side of chordate embryos and is widely used to specify structures on the left side differently than on the right. Nodal function activates additional genes involved in development of the left/ right asymmetry, including the additional Tgf-beta factor Lefty, and the homeobox transcription factor Pitx2 (Levin et al., 1995; Sp eder et al., 2007) . In the sea urchin, however, this pathway is reversed and is instead expressed on the right side (Duboc et al., 2005) . Overexpression of Nodal throughout the sea urchin embryo results in developmental repression of the adult rudiment on the left side, and removal of Nodal in the sea urchin results in duplicated rudiments on both the right and left sides suggesting that a main function of Nodal is repression of developmental derivatives of the right coelomic pouch (Duboc et al., 2005; Bessodes et al., 2012; Luo and Su, 2012; Warner et al., 2012) . In the sea star, Nodal is not expressed in oocytes, but accumulates strongly in early blastula stages in the ectoderm (Fig. 5) . Nodal mRNA remains transiently in the ectoderm until the late gastrula stage and is absent there in larval stages. A second domain of Nodal expression, however, occurs in mid gastrula embryos when Nodal message accumulates in the midgut and on the right side of the invaginated epithelium. We also see Nodal mRNA transiently within the posterior region of the right coelomic pouch, but to a much lesser extent.
Lefty follows a similar expression pattern as Nodal in the ectoderm. However, Lefty does not accumulate in the archenteron until later in gastrulation when it accumulates in the right side of the archenteron and in the right coelomic pouch (Fig. 5 , late gastrula, asterisk). Pitx2 transcripts, although ubiquitous in P. miniata oocytes, do not accumulate significantly in early development until the late gastrula stage. Pitx2 transcripts follow a similar expression domain as Nodal and Lefty, albeit much delayed (Fig. 5 , late gastrula, asterisk) and this is similar in the closely related sea star Asterina pectinifera . Pitx2 is expressed in the posterior portion of the right coelomic pouch which persists from the late gastrula stage until late larval stages, although its accumulation in the right pouch of A. pectinifera is much broader than in P. miniata. We noticed that in the sea star P. miniata, the initial break in left/ right asymmetry within the archenteron (as seen with the right-sided expression of Nodal) occurs at the same time that Vasa expression is restricted to the left side of the archenteron.
Therefore, we hypothesize that left/ right signaling and Nodal are required for the initial break in left/ right asymmetry of Vasa expression and therefore of PE specification. Overall the sea star left/right asymmetry program appears to closely mirror the program in the sea urchin, even with the significant expression in the right side of the archenteron. Thus, the reversal of the left/right program in echinoderms likely occurred before the sea urchin-sea star split; phylogenetic analyses suggests Nodal on the right may be ancestral and that reversal may have occurred in the chordate lineage (Duboc et al., 2005; Bessodes et al., 2012; Luo and Su, 2012; Warner et al., 2012) . This also may be related
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to the reversal of the dorsal/ventral program in chordates relative to nonchordates (Grande and Patel, 2009 ).
Genomic Maintenance During Morphogenesis and Early Embryogenesis
The last group of genes we studied encodes molecules related to genomic and epigenomic regulation during morphogenesis to test if these genes are associated selectively with sea star PE cells (Table 5 ; Fig. 6 ). Baf250 is an E3 ubiquitin ligase that functions in selective histone (H2B) turnover. Because Baf250 associates with the mammalian SWI/SNF complex it is thought that this histone-turnover machinery regulates epigenetic modifications that lead to selective gene activity . Such modifications are of particular interest in mammalian embryos with the identification of selective epigenetic reprogramming during germ cell formation (Magn usd ottir et al., 2012) . In the sea star P. miniata, Baf250 transcripts accumulate ubiquitously in oocytes. In blastula stage embryos, Baf250 transcripts become enriched in the blastopore (Fig. 6, asterisk) , and in gastrula embryos transcripts accumulate in the archenteron. During larval stages, Baf250 accumulates in the esophagus, stomach, intestine, anus, and in the PE but not in the coelomic pouches.
Recent results in zebrafish suggest that the DNA repair elements Brca1 and Brca2 are involved in germ line development (Shive et al., 2010) . We find that Brca1 and 2 in the sea star have overlapping expression profiles: Brca1 transcripts are expressed Developmental Dynamics Fig. 5 . Expression of left/right asymmetry markers during P. miniata embryonic development. Line 1: Nodal is first expressed in the ectoderm at the blastula stage. A second expression domain of Nodal appears in mid-gastrula stage embryos when it is expressed symmetrically in the developing archenteron. Nodal expression becomes restricted to the right side of the archenteron in late-gastrula stage embryos. Line 2: Lefty is first expressed in the ectoderm at the blastula stage. A second expression domain of Lefty appears in late-gastrula stage embryos when it is expressed asymmetrically in the right side of the archenteron. Line 3: Pitx2 is first expressed ubiquitously in oocytes. Pitx2 expression localizes to the right coelomic pouch and right ectoderm in late gastrula staged embryos stage. Pitx2 expression in the right coelomic pouch and right ectoderm persists through late larval stages. Line 4: A sequence for the Neomycin (Neo) resistance gene was used as a negative control for the hybridization procedure. Asterisks (*) show areas of emphasis for transcript detection. Dorsal views of the larva. Scale bar ¼ 100 mm.
ubiquitously throughout early development until the late gastrula stage when they become enriched in the midgut (Fig. 6 ). Brca2 transcripts are also present in oocytes and they accumulate in the gut of late gastrula stage embryos (Fig. 6, asterisk) . The accumulation of both Brca transcripts in oocytes suggests there might be a role for the maternal message in provisioning early blastomeres with Brca proteins that could affect DNA repair during the rapid cleavage divisions that occur.
Traffic jam is an atypical basic leucine zipper transcription factor that regulates somatic-germ cell interactions and its loss results in male and female infertility in Drosophila (Li et al., 2003) . Here we found that transcripts of the ortholog of Traffic Jam, called Maf, are ubiquitously distributed in oocytes but are not enriched in blastula and mid-gastrula stage embryos. Maf transcripts are enriched slightly in the ciliary bands of the larva (Fig. 6 , asterisks but not in the PE).
CONCLUSIONS
Our results support the contention that the PE is a source of germ line cells in the sea star P. miniata. Several gene expression patterns reflect a broad initial expression of germ line markers in the embryo followed by a restriction to the PE. These include Vasa, Nanos, and Piwi (see Fig. 7 ). While these results on their own do not prove that the PE contains the germ line, they are complementary to other studies that suggest that these cells give rise to sea star germ cells. Fig. 6 . Molecules involved in genomic regulation and maintenance during P. miniata embryonic development. Line 1: Baf250 is expressed ubiquitously in the embryo throughout development with some enrichment in the gut and depletion in the coelomic pouches. Lines 2 and 3: Brca1 and 2 are enriched in the gut of late gastrula embryos and we note no significant accumulation in the PE. Line 4: Maf is most apparent in the stomach of the larva and no specific enrichment in the PE. Asterisks (*) show areas of emphasis for transcript detection. Dorsal views of the larva. Scale bar ¼ 100 mm.
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The PE is most likely the site of germ cell formation in this animal based on four criteria: (1) PE removal experiments result in larvae with significantly less germ cells (Inoue et al., 1992) , (2) Vasa immunolabeling experiments show the PE is the first restricted site of Vasa protein localization (Juliano and Wessel, 2009) , (3) conserved germ line factors accumulate selectively in the PE, e.g., nanos and piwi in addition to vasa, and (4) the PE exhibits rapid depletion of mRNAs encoding factors involved in somatic cell fates, e.g., Blimp1. These observations and the fact that the selective expression in the PE is relatively late in development-following gastrulation-leads us to reason that the germ line in this organism is determined by inductive interactions amongst cells.
Blimp1 is a somatic factor in echinoderms (as it is necessary for endomesoderm gene regulatory networks, e.g., Spbase.org) and the selective loss of somatic markers in the PGCs represents a broad theme in the inductive mode of germ cell specification (see also Fig. 7 ). In the mouse inductive mode of germ cell specification, markers of mesoderm, such as Hoxb1 and Hoxa1, are lost from PGCs as soon as they receive PGC inducing signals (Saitou et al., 2002) . The loss of Blimp1 transcripts in the PE of sea stars contributes to the hypothesis that when an animal uses the inductive mode for germ cell specification it is conservatively induced from a pluripotential mesodermal lineage.
A consensus revealed in this study was that the gut appears to harbor a gene set making it retain pluripotency and germ line potential. Many factors, including Vasa, Piwi, Blimp1, and Prdm14, are enriched in the endomesoderm of the gut and suggest the gut retains developmental potential whereas the ectoderm is devoid of many of these same factors. This result may simply mean that the endomesoderm forms later in its differentiation program when compared with the ectoderm, or that the cells within this tissue give rise to many more cell types later in development. The additional possibility is that the endomesoderm is the site of germ line formation and retains developmental potency. The gene expression profile on its own is not convincing and will certainly require functional analysis with metrics of germ line success to understand functionality of the genes tested here. However, when the precursor cells to the PGCs are disrupted in sea urchins Vasa is up-regulated throughout the endoderm of the remaining embryo (Voronina et al., 2008) . In this experimental case within the sea urchin, Vasa mimics the same broad endodermal expression profile that we see with many pluripotency-related genes in sea stars. Thus, these two echinodermal representatives may have diverged in their germ line determination by transposing the germ line program earlier in sea urchins, and to the sMics. Sea urchins represent a unique model in that this animal retains the ability to use multiple mechanisms for PGC specification upon its disruption (compensatory Vasa up-regulation and recovery of germ line cells; Voronina et al., 2008; Yajima and Wessel, 2011) . We favor the conclusion that the mechanism in sea urchins is derived and perhaps tending toward an inherited mechanism of germ line determination, especially when compared with the sea star.
Two extreme mechanisms of germline determination appear in animal development-inherited vs. inductive (Extavour and Akam, 2003; Juliano and Wessel, 2010; Ewen-Campen et al., 2010; Seervai and Wessel, 2013) . Embryos using inherited mechanisms usually establish their germ line early in development by acquisition of a specific region of egg cytoplasm-maternally deposited in the oocyte. This is the best known mechanism and is used by many model organisms e.g. fly, worm, frog, and zebrafish. Mice are the best studied organism that uses inductive mechanisms of germ-line determination. In this mechanism, cell interactions are responsible, usually later in development, to establish a germ line lineage. Results presented here support the contention that the sea star PE is a site of germ line formation and the evidence suggests this structure may fits better with the criteria of an inductive mechanism. This means functional studies that determine signaling networks required for PGC specification in this organism may complement the genetic and tissue culture approaches used in mice to reveal inductive germ-line determination mechanisms. Furthermore, comparisons between the differing mechanisms of PGC specification between sea star and sea urchins will be useful to understand transitions that occur in the evolution from one mode to another.
EXPERIMENTAL PROCEDURES Animals and Embryo Culture
Patiria miniata were collected from several sites in southern California [www.scbiomarine.com; phalmay@ear Developmental Dynamics Fig. 7 . Transcript dynamics during posterior enterocoel formation. The conserved germline determinant, Nanos, accumulates specifically in the PE (red asterisk) after formation. During gastrulation, the conserved germ-line determinants Vasa and Piwi, become enriched in the midgut (shadowed area). As soon as the PE is formed Vasa and Piwi transcripts start to become restricted to the PE and to clear from the nearby stomach. This is in stark contrast to the somatic cell marker, Blimp1. During gastrulation, Blimp1 transcripts similarly become enriched in the midgut, however, as soon as the PE is formed, Blimp1 transcripts are restricted to the stomach and clear from the nearby PE.
thlink.net] and embryos were grown basically as described (Foltz et al., 2004) . Briefly, sperm were collected from a gonad biopsy and placed into a microfuge tube on ice. Oocytes were collected from a gonad biopsy and matured in vitro with 2 mM 1-MethylAdenine. Resultant eggs were fertilized with a dilute sperm suspension and embryos were cultured as previously described . Samples from different developmental stages (oocytes; hatched blastula, 18.5 hr postfertilization (hpf); midgastrula, 27.5 hpf; late gastrula, 47 hpf; early larva, 3 days postfertilization (dpf); late larva, 4-7 dpf) were collected, fixed and stored in 70% ethanol at À20 as described (ArenasMena et al., 2000) .
RNA Analysis
Whole-mount in situ RNA hybridizations were performed using digoxigenin-labeled RNA probes as previously described (Arenas-Mena et al., 2000) . cDNAs from oocytes and early development stages were used as templates for PCR reactions. Primers designed to amplify each gene of interest included a T7 RNA polymerase sequence in the 5 0 end of reverse primers. The resultant PCR products were used as templates for transcription by T7 RNA polymerase to yield an antisense RNA probe with the DIG RNA Labeling Kit (SP6/T7) (Roche Applied Science, IN). Oocytes and embryos were fixed, hybridized, and the signals were detected essentially as described (Arenas-Mena et al., 2000) . Negative controls for these experiments included the use of a nonrelevant transcript probe (Neomycin). Oocytes and embryos were visualized on a Zeiss Axioplan microscope, and the specimens are oriented with their left side to the left, i.e., we position the larva ventral side down, left side of the larva to the left of the image. This is the opposite of the classic human orientation scheme but we think it makes the structures easier to interpret.
